The steady state kinetics of glyceraldehyde 3-phosphate:NADP+ oxidoreductase (GNR) (EC 1.2.1.9) have been investigated. The enzyme exhibits hyperbolic behavior over a wide range of substrate concentrations. Double-reciprocal plots are nearly parallel or distantly convergent with limiting Km values of 2 to 5 micromolar for NADP+ and 20 to 40 micromolar for Dglyceraldehyde 3-phosphate (G3P). The velocity response to NADP+ as the varied substrate is however sigmoidal if G3P concentration exceeds 10 micromolar, whereas the response to G3P may show inhibition above this concentration. This 'G3P-inhibited state' is alleviated by saturating amounts of NADP+ or NADPH. Product inhibition pattems indicate NADPH as a potent competitive inhibitor to NADP+ (K, 30 micromolar) and mixed inhibitor towards G3P, and 3-phosphoglycerate (3PGA) as mixed inhibitor to both NADP and G3P (K, 10 millimolar). The data, and those obtained with dead-end inhibitors, are consistent with a nonrapid equilibrium random mechanism with two altemative kinetic pathways. Of these, a rapid kinetic sequence (probably ordered with NADP+ binding first and G3P binding as second substrate) is dominant in the range of hyperbolic responses. A reverse reaction with 3PGA and NADPH as substrates is unlikely, and was not detected. Of a number of compounds tested, erythrose 4-phosphate (Ki 7 micromolar) and Pi (Ki 2.4 millimolar) act as competitive inhibitors to G3P (uncompetitive towards NADP ) and are likely to affect the in vivo activity. Ribose 5-phosphate, phosphoenolpyruvate, ATP, and ADP are also somewhat inhibitory. Full GNR activity in the leaf seems to be allowed only under high photosynthesis conditions, when levels of several inhibitors are low and substrate is high. We suggest that a main function of leaf GNR is to supply NADPH required for photorespiration, the reaction product 3PGA being cycled back to chloroplasts.
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The coupled reactions of triose phosphate dehydrogenase and 3PGA kinase produce one NADH and one ATP for each molecule ofG3P oxidized to 3PGA. The system operates near thermodynamic equilibrium (AG' = + 1.4 kcal). On the other hand, the GNR reaction is considered nonreversible (Scheme 1). This reaction might appear to be energy wasting, but the case is not unique. Glucose 6-phosphate dehydrogenase is another regulatory enzyme controlling the activity of the oxidative pentose phosphate pathway in competition with glycolysis (2) . The high AG' of its reaction may ensure an elevated NADPH status in the cell.
GNR affinity for the substrate G3P is high (16, 19, 22) , and the enzyme could act as an effective scavenger of triose phosphate competitive to other cytosolic enzymes including fructose bisphosphate aldolase and NAD-triose phosphate dehydrogenase. This is scarcely compatible with other major metabolisms such as synthesis of sucrose, and it is expected that GNR activity is modulated by metabolites. Some effectors have been detected (17) (18) (19) .
To address these problems we have investigated the steadystate kinetics of spinach GNR. Iglesias and Losada (16) have recently proposed a random mechanism for this enzyme, but our results are not consistent with their interpretation. The effects of reaction products and several possible modulators Most of the carbon assimilated during plant photosynthesis is exported from chloroplasts as triose phosphate by the phosphate carrier (15) to be converted to sucrose in the cytoplasm. Some triose phosphate, however, may be oxidized to 3-phosphoglycerate by two cytosolic enzyme systems acting in parallel (19, 23) have also been examined. It is suggested that leaf GNR is often inhibited in vivo by cellular metabolites, and de-inhibited under photosynthetic conditions.
MATERIALS AND METHODS
Enzyme Purification GNR was purified essentially as previously described (22) 
RESULTS
The GNR was purified from spinach leaves by a method (Table I) derived from Pupillo and Faggiani (22) . This preparation is electrophoretically homogeneous (Fig. 1) , with higher specific activity than reported previously (16, 22) The enzyme is quite sensitive to freezing and thawing, but it is protected by NADP+ or glycerol (Table II) . It is completely stable for at least 1 year if stored at -20C in buffer B (see "Materials and Methods") containing 10% glycerol (v/v), 0.10 mM NADP+, and 5 mm K-phosphate. When again equilibrated with buffer C, GNR can be kept for 1 to 2 weeks at 2 to 4°C with little loss of activity.
GNR activity was studied in the pH range 6 to 9. Maximum activity was found around pH 8.2 when substrates were (Figs. 3A and 4) . However, the plots were partly sigmoidal when the nonvaried substrate G3P was increased above 10 ,M (Fig. 3A) , i.e. upwards concave in double-reciprocal plots (Fig. 4) . Hill coefficients were up to 2.3. The linear segment of the NADP+ pattern became progressively shorter with increasing G3P concentrations (Fig. 4) . It is therefore difficult to decide by inspection whether the linear plots are really parallel or distantly convergent. Symmetrically, G3P concentration versus velocity plots (Fig. 3B) were hyperbolic only at NADP+ concentrations exceeding 10 Mm, and showed increasing inhibition with decreasing NADP+. The overall pattern is better illustrated by l/[G3P]:1/v plots (Fig. 5) . This is reminiscent of substrate inhibition by G3P except that l/Vm intercepts are finite values, and the pattern will be referred to as a 'G3P-inhibited state' of GNR. Extrapolated Vm values of Figure 5 essentially fit the curve obtained with a [G3P] of 100 Mm in Figure 3A .
The intercepts (l/Vm app) of Figure 4 fitted a limiting l/Vm plot parallel to other lines in Figure 5 , allowing the limiting Km G3P to be extrapolated. Km G3P was 20 to 40 AM in several preparations, and Km NADP+ was 2 to 5 AM.
Product inhibition patterns indicated linear competitive inhibition by NADPH when NADP+ was varied, regardless of G3P concentration (Fig. 6) (Fig. 6) .
The product 3PGA behaved as a mixed-type inhibitor when NADP+ was varied at fixed G3P concentrations (Fig. 7) , or G3P was varied (Fig. 8) (Fig. 7) . No activity was observed when 3PGA (0.1-50 mM) and NADPH (10-300 ,aM) were assayed together in the absence of substrates of the forward reaction, considered to be irreversible ( 19) .
A number of compounds of possible physiological significance have been examined as modulators of GNR, using assays at high and low substrate concentrations. (Table III) .
Erythrose 4-phosphate is a potent inhibitor of the GNR (19) and has been studied in detail. It is inactive as substrate. Double-reciprocal plots indicate simple competition by E4P against G3P (Fig. 9) . Basically uncompetitive inhibition is observed when NADP+ is the varied substrate in the presence (Table III ). The nonphosphorylated substances tested including pyruvate, glyoxylate, citrate, malate, and several other dicarboxylates, and sulfhydryl compounds including DTE have no effect on reaction rate (not shown) although the GNR contains essential thiols (16) . Besides sugar phosphates, some other phosphate compounds inhibit the GNR at reasonably low concentrations. Inorganic phosphate inhibits competitively towards G3P (Fig. 11 ) and uncompetitively towards NADP+ (Fig. 12 ) with a Ki of 2.4 mM. Ki Pi is increased when equimolar MgCl2 is added (not shown). Under "G3P-inhibited" conditions the Pi may linearize the responses thereby increasing reaction rates at low NADP+ concentrations. Moreover, when G3P is low and Pi is high, velocity abruptly increases at saturating NADP+ (Fig. 12) as noted above for 3PGA and E4P. Phosphoenolpyruvate was mixed-type inhibitor to G3P with a Ki app of 2.2 x lO-' M under assay conditions. Unexpectedly, pyrophosphate was without effect (Table III) .
As illustrated in Table IV , free adenylates are inhibitory. ATP (Kj app = 1.4 mM) and ADP (Ki app = 2.0 mM) acted competitively toward G3P. The effects were dramatically decreased by Mg ions, which were slightly inhibitory when applied alone. GNR inhibition by free ATP and ADP was however nonhyperbolic under some conditions suggesting conformational effects, and was not studied further. ,uM. The responses to the substrates NADP+ and G3P are hyperbolic over part of this range, and double-reciprocal plots are partly linear and with essentially parallel patterns. Our data therefore are inconsistent with findings of intersecting patterns and the interpretation of a rapid equilibrium random mechanism (16), whereas the limiting Km values are similar.
The reason for the discrepancy is unclear, although in the work of Iglesias and Losada (16), substrates were used at high concentrations and this may have concealed some nonlinear effects. Dead-end and product inhibition patterns also fail to support a rapid equilibrium random mechanism (25) . 3PGA acts as a mixed-type inhibitor with respect both to G3P and NADP+, and NADPH is competitive with NADP+ but mixed with G3P. Other dead-end competitors of G3P (Pi and E4P) appear to be basically uncompetitive towards NADP+. An ordered or a ping-pong mechanism would be in accord with most results. However, inhibition by 3PGA on G3P in the ping-pong case would be competitive, not mixed, except in the less likely assumption of a secondary dead-end inhibition site of 3PGA. Consequently, the more probable reaction mechanism within the range of linear kinetics is ordered (Scheme 2). An ordered mechanism is also compatible with the effects of NADP+ on isolated GNR, e.g. shortening of the lag phase during assays (16) and stability (Table II) . Since primary plots are almost parallel, K,(NADP+) must be well below 10-6 M and K,(G3P) may be in the low ,uM range. However, a pingpong mechanism cannot be ruled out completely.
A newly described feature of GNR is its nonhyperbolic response at low NADP+ and moderate-to-high G3P concentrations, the 'G3P-inhibited state'. The patterns (Fig. 3) are sigmoidal when NADP+ is varied and show inhibition at increasing G3P concentrations when G3P is varied. This is not due to substrate inhibition, however. True substrate inhibition would result in linear l/[NADP+]: 1/v plots, it would occur at G3P concentrations well above Km and lead to zero velocity at high G3P, but none of these features occurs. The limiting l/[NADP+]: 1/v plot at infinite G3P concentration resembles a parabola (Fig. 4) .
Our results could be treated, in principle, by different theoretical approaches including allosteric mechanisms. They can also be explained on the basis of a NER mechanism; in fact, they closely resemble the patterns described by Ferdinand (12) . In the NER case, the linear portions of the plots suggesting an ordered reaction can be regarded as a limit situation of a general, nonhyperbolic pattern. Moreover, the products of the measured kinetic constants would be a constant, i.e. K&(NADP+) x Km(G3P) = Km(NADP+) x K,(G3P). Both products, indeed, may have a value in the range of 10-" M (see above). Unfortunately, neither this constant nor confirmatory Haldane relationships can be calculated exactly, also because the reverse reaction is zero.
The proposed alternative, slower kinetic pathway postulated for a NER mechanism, is shown in Scheme 3.
Under 'G3P-inhibited' conditions of catalysis, NADPH
PGA NADPH E-PGA-NADPH -*E-NADPH E Scheme 3 (Fig. 6) , Pi (Fig. 12) (10, 21) . The GNR reaction, in a sense, is energetically dissipatory and its full activity seems better compatible with the high-energy status of a photosynthesizing cell. Like glucose 6-phosphate dehydrogenase (1 1), GNR activity may only be allowed by de-inhibition. The GNR reaction also results in lowered pH and it may contribute in a sensitive fashion to damping out of cytosolic pH increase during photosynthesis. Activity is strongly stimulated with increasing pH between 7 and 8 ( Fig. 2) (18) , as in the case of other acid-producing enzymes (7) .
E4P, an intermediate of the pentose phosphate pathway, is an analogue of G3P and a powerful inhibitor of GNR with a Ki of 7 FM. Ribose 5-phosphate could also contribute to the inhibition, but only at mm levels (Table III) . The cytosolic pentose phosphate pathway seems to be repressed in the light (1), therefore GNR inhibition by E4P and ribose 5-phosphate may be negligible during leaf photosynthesis. Inorganic phosphate inhibits GNR at mm concentrations, which often occur in the green cell (8, 21) , while being a substrate for NADtriose phosphate dehydrogenase (Km 0.4 mM) (10) . We can attempt to outline two simplified metabolic scenarios.
Under high photosynthesis conditions, cytosolic triose phosphate concentration is high and Pi is low (26) . GNR activity is at its height and controlled primarily by NADPH turnover rate. The equilibrium reaction of NAD-triose phosphate dehydrogenase/3PGA kinase is limited by Pi availability and ATP turnover. Since the ATP requirement for sucrose synthesis can be supported by mitochondrial glycine oxidation (13) , catalysis by NAD-triose phosphate dehydrogenase in C3 species is likely to be sluggish. The antagonistic roles of GNR and NAD-triose phosphate dehydrogenase during photosynthesis has been highlighted in phosphate-limited cell cultures (9) . On the other hand, cytosolic Pi concentration in darkness is high and the ATP/ADP ratio is low. Oxidation through NAD-triose phosphate dehydrogenase is stimulated. GNR activity is held in check by the low [G3P]/[Pi] ratio and presence of E4P and NADPH produced by the pentose phosphate pathway. This state is often associated with an increased level of fructose 2,6-bisphosphate (21) , but this modulator does not affect GNR.
The regulatory role of ATP, ADP, and AMP (Table IV) is unclear. A free ATP pool could inhibit both GNR and NADtriose phosphate dehydrogenase (5). Ifrespiration is hampered by slow utilization of high-energy compounds, substantial build-up of free ATP (and phosphoenolpyruvate) may potentiate GNR inhibition, although Ki is at mm levels for both compounds. Iglesias et al. (17) found little inhibition by adenylates in Chlamydomonas GNR.
Specific metabolites therefore appear to regulate the partitioning of oxidative carbon flow through NAD-triose phosphate dehydrogenase and GNR, in agreement with the concept of a GNR-dependent shuttle of photosynthetic NADPH to the cytoplasm (3). The importance of GNR as an NADPH-producing enzyme in the cytosol is more readily understood for specialized biosynthetic tissues (4, 18) than for normal leaves, although these are a general source of export metabolites (24) . However, hydroxypyruvate reductase is partly cytosolic and NADPH-dependent (14, 20) , and the NADPH produced by GNR could act as a photorespiratory reductant. GNR is absent from bundle sheath cells of maize (28) , which are deficient in triose phosphate production and photorespiration.
To the extent that leaf GNR activity is matched to photorespiratory needs, the reaction product 3PGA2-must return to plastids via the Pi carrier to maintain the carbon balance (19) . GNR is well suited to such a cycling role due to its high AG' and limited inhibition by 3PGA.
